Motivated by recent experiments, we have performed simulations which show in detail how the electrons and ions in GaAs respond to fast intense laser pulses ͑with durations of order 100 fs and intensities of order 1Ϫ10 TW/cm 2 ). The method of tight-binding electron-ion dynamics is used, in which an arbitrarily strong radiation field is included through a time-dependent Peierls substitution. The population of excited electrons, the atomic displacements, the atomic pair-correlation function, the band structure, and the imaginary part of the dielectric function are all calculated as functions of time, during and after application of each pulse. Above a threshold intensity, which results in promotion of about 10% of the electrons to the conduction band, the lattice is destabilized and the band gap collapses to zero. This is most clearly revealed in the dielectric function ⑀(), which exhibits metallic behavior and loses its structural features after 100-200 fs.
I. INTRODUCTION
There are two distinct mechanisms through which an intense laser pulse can destabilize the structure of a molecule or material: On a relatively long time scale (տ1 ps), the energy of excited electrons can be transferred to thermal motion of the atoms. On a shorter time scale (ϳ100 fs), the promotion of electrons to antibonding states immediately leads to repulsive interatomic forces and the possibility of nonthermal disruption.
Consider, for example, a two-atom tight-binding model with one orbital per atom. The Hamiltonian is 
͑1.3͒
where u(r) is the repulsive atom-atom interaction. Since the total energy is n ϩ ϩ ϩn Ϫ Ϫ ϩu(r), where n Ϯ represents the occupancies of the states, the force on one atom is 
͑1.4͒
In the ground state, with n ϩ Ϫn Ϫ ϭϪ2, an equilibrium separation can be found. But if one electron is excited to the antibonding state, making n ϩ Ϫn Ϫ ϭ0, the force becomes purely repulsive and the atoms will dissociate. During the past 20 years, there has been considerable interest in the analogous problem for tetrahedral semiconductors: destabilization of the covalent bonding as electrons are excited across the band gap.
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Here we are concerned with GaAs, which has been the subject of several experimental studies. [15] [16] [17] [18] [19] [20] In particular, Mazur and co-workers [17] [18] [19] [20] have carried out detailed measurements of the dielectric function and second-order susceptibility, following 1.9-eV, 70-fs pulses which span a fluence range up to 2.5 kJ/m 2 . Their results indicate a semiconductor-to-metal transition, and suggest that the cause is a nonthermal structural change arising directly from the excitation. In this paper we report detailed simulations of the electronic and structural response of GaAs to fast intense laser pulses. The method of tight-binding electron-ion dynamics is used. An arbitrarily intense radiation field is included in the Hamiltonian through a time-dependent Peierls substitution. The time-dependent Schrödinger equation is solved with an algorithm which preserves orthonormality. The atomic motion is obtained from a generalized Ehrenfest theorem. For comparison with the probe phase of a pumpprobe experiment, we calculate the dielectric function using a formula that employs the matrix elements of the tightbinding Hamiltonian, and no additional parameters.
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II. EXCITED-STATE MOLECULAR DYNAMICS
Before investigating the full response of electrons and ions to an intense laser pulse, let us first consider a much simpler problem: the dynamics of the atoms when some fraction of the electrons are artificially promoted to excited states. We use a standard sp 3 s* tight-binding Hamiltonian 22 and a nonstandard repulsive potential with the form
The total energy is then
where n k is the occupancy of the electronic state labeled by k ͑which includes the spin index͒, and R ll Ј is the separation of ions l and lЈ. This is simply the generalization of the expression for E used in tight-binding molecular dynamics for the ground state. [23] [24] [25] [26] As usual, the second term in Eq. ͑2.2͒ represents U ii ϪU ee , where U ii is the ion-ion repulsion and U ee is the electron-electron repulsion ͓which is doubly counted in the first term of Eq. ͑2.2͔͒. For spherically symmetrical and well-separated neutral atoms, U ii ϪU ee ϭ0, so u(r) should fall off rapidly with distance. In Eq. ͑2.1͒, we have modified the basic Harrison scaling of Eq. ͑1.3͒ by adding two higher-order terms. We have also multiplied by a cutoff function C(r), which is taken to have the form of a Fermi function:
C͑r ͒ϭ͓exp͑͑rϪr c ͒/r w ͒ϩ1͔ Ϫ1 .
͑2.3͒
The cutoff distance r c was chosen to be midway between 1.2r 1 and r 2 , where r 1 ϭ2.35 Å and r 2 ϭ3.84 Å are, respectively, the first-and second-neighbor distance: r c ϭ(1.2r 1 ϩr 2 )/2. The cutoff width r w was chosen to be 0.1 Å. With these choices, the cutoff function has little effect for bond-length changes up to 30% ͑so that the initial stages of destabilization will be reliably described͒, but falls to nearly zero at the second-neighbor distance ͑so that there are no unphysical distant interactions͒. The matrix elements of the tight-binding Hamiltonian are taken to have the Harrison scaling ͑1.3͒ and the same cutoff function,
where ␣ and ␤ represent orbitals on atoms l and lЈ. H ␣␤ (llЈ) is the Hamiltonian obtained from the parameters of Table I , using the usual Slater-Koster rules. 1 The superscript 0 indicates that there is not yet an applied electromagnetic field.
The parameters ␣, ␤, and ␥ of Eq. ͑2.1͒ were determined by fitting the cohesive energy, lattice spacing, and bulk modulus to experiment. Details of the fitting procedure are given elsewhere. 27 The resulting values for both GaAs and Si are listed in Table II. In the simulations, an eight-atom cubic cell was used. With five orbitals per atom, the Hamiltonian matrix is then 40ϫ40. Each atom interacts with all other atoms within the cell and their replicas outside the cell. The motion of the atoms is taken to satisfy periodic boundary conditions, so the electronic states are Bloch states corresponding to this large unit cell. In calculating the Hellmann-Feynman forces on the atoms, we used the special point kϭ( 4 )(2/a), together with the other points which are related to it through symmetry transformations. For the GaAs interactions, we used the parameters and cutoff function described above. For Ga-Ga and As-As interactions ͑which are irrelevant in the initial stages of destabilization͒, we used the same parameters, but replaced the Fermi function cutoff ͑2.3͒ by a thetafunction cutoff (r 1 ϪR ll Ј ). The velocity Verlet algorithm was used, 28, 29 with a time step of 0.05 fs. Energy is then typically conserved to about one part in 10 6 for low excitation of the electrons, or one part in 10 4 at high excitations that cause more violent atomic motion. Expression ͑2.2͒ leads to the usual Hellmann-Feynman theorem of tightbinding molecular dynamics, 23, 24 
where X and M are any ion coordinate and mass,
and H 0 is the Hamiltonian matrix of ͑2.4͒. Figure 1 summarizes the results when the atoms are given an initial kinetic energy corresponding to 300 K, but some fraction of the electrons are artificially promoted from the top of the valence band to the bottom of the conduction band. If 4 32 , or 12.5%, of the electrons are promoted, the atoms are observed to move far from their equilibrium positions in the original tetrahedral structure, so the lattice has definitely been destabilized.
III. ELECTRON-ION DYNAMICS
Let us now turn to full simulations of the coupled dynamics of electrons and ions in a material which is subjected to an intense laser pulse. The vector potential is taken to have the time dependence 
͑3.1͒
This form ͑i͒ closely resembles a Gaussian, 27 ͑ii͒ clips the pulse to zero at beginning and end, ͑iii͒ gives zero slope for A(t) 2 at beginning and end, and ͑iv͒ gives a full width at half maximum ͑FWHM͒ duration for A(t) 2 of exactly half the total pulse time t 0 .
The usual Hellmann-Feynman theorem of Eq. ͑2.5͒ is no longer valid when the electronic states ⌿ j are no longer eigenstates of the Hamiltonian. However, Eq. ͑2.5͒ can be replaced by a generalized Ehrenfest theorem 30, 31 
This equation for the ion dynamics is coupled to the timedependent Schrödinger equation for the electron dynamics, 30, 31 iប‫ץ‬⌿ j /‫ץ‬tϭH͑t ͒•⌿ j .
͑3.3͒
The electrons are in turn coupled to the radiation field through a time-dependent Peierls substitution 21, 31 H ␣␤ ͑llЈ͒ϭH ␣␤
where R l is the position of the lth ion. The direct force of the electromagnetic field on the ions is omitted, since this force oscillates on a 1-fs time scale, two orders of magnitude shorter than the response time of the ions. The second-order equation ͑3.2͒ was solved with the velocity Verlet algorithm, which preserves the phase space. On the other hand, if one tries to solve the first-order equation ͑3.3͒ with a naïve algorithm, the orthonormality relations
are not preserved. Instead, we write this time evolution equation in the form
and then retain the first two terms in each exponential. This yields the Cayley algorithm
With a time step ⌬tϭ0.05 fs, orthonormality is then preserved to about three parts in 10 6 during a simulation of 500 fs.
It is clear that the present method involves a number of approximations: ͑1͒ Since it employs a one-electron picture, electron-electron interactions are omitted. As a result, there are no excitonic corrections or carrier-carrier scattering. Although these effects are of central importance in other experiments, we feel that they are not relevant in the initial stages of the nonthermal phase transitions studied here and observed in Refs. [16] [17] [18] [19] [20] . ͑2͒ Since the atomic motion is treated classically, there are no phonon cascades following excitation. Quantized emission of phonons, like carriercarrier interactions ͑and the weaker effect of spontaneous emission of photons͒, will be important on a longer time scale, but again is not a large effect in the early stages of electronic excitation and lattice destabilization which are considered here. ͑3͒ Band-gap renormalization due to carrier screening will also produce reduction of the band gap when a semiconductor is subjected to an intense laser pulse. The present calculations are therefore complementary to previous calculations which treat only carrier screening, 11 and which omit the structural changes and other effects that are included in the present treatment. The present calculations imply that the dominant effect in the experiments of Refs. 16-20 is lattice destabilization due to excitation of electrons from bonding to antibonding states, and that this effect is sufficient to explain the observations, so that there is no need to invoke secondary mechanisms like band-gap renormalization. Figure 2 shows the atomic motion that results when laser pulses of various intensities are applied to GaAs initially in thermal equilibrium at 300K ͑after an equilibration period of 2000 fs͒. In each case the FWHM pulse duration was 70 fs, with បϭ1.95 eV, and a polarization in the (1.7,1.0,0) direction, referenced to the cube edges.
IV. RESULTS
As shown elsewhere, 27 an amplitude A 0 ϭ1.00 G cm corresponds to a fluence of 0.815 kJ/m 2 . The threshold for permanent structural change is about 2.00 G cm, or 3.26 kJ/m 2 . This is about three times as large as the experimental threshold. [16] [17] [18] [19] [20] Since the present theory yields a dielectric function which is roughly half that observed experimentally, 21 one expects the nonlinear response to also be underestimated, so this level of agreement is quite satisfactory.
Although ⌿ j (t) is the physical state for the jth electron, one can also define eigenvectors ⌽ n (k) of the timedependent Hamiltonian:
The eigenvalues n (k) at the special point k ϭ( .00 G cm, but has completely closed up for A 0 ϭ2.83 G cm because of the large atomic displacements associated with lattice destabilization. The rapid oscillations during application of the pulse are due to the Peierls factor in Eq. ͑3.4͒.
The occupancy of the kth state is given by
where k↔k,n. The total occupancy of all the conduction bands ͑again at the special point͒ is plotted as a function of time in Fig. 5 , where it is expressed as a percentage of the total number of valence electrons. Since our model does not include spontaneous emission or carrier interactions, n k remains constant after the pulse is turned off. Notice that the threshold for permanent structural change corresponds to excitation of about 10% of the valence electrons. In Figs. 6 and 7, the pair-correlation function is plotted as a function of time. The structural order remains intact for A 0 ϭ1.00 G cm, but is lost after about 200 fs for A 0 ϭ2.83 G cm, confirming that this higher-field strength leads to a permanent structural change. The most direct comparison with experiment is provided by the imaginary part of the dielectric function, [16] [17] [18] [19] [20] which can be calculated from the formula
where mn (k)ϭ͓ m (k)Ϫ n (k)͔/ប, f n (k) is the same as the occupancy of Eq. ͑4.2͒ ͑with k↔k,n), and p nm (k) is defined in Ref. 21 . It is legitimate to define a time-dependent dielectric function in the present context, because the time scale for changes in the electronic structure (ϳ200 fs) is much longer than the time scale for oscillations of the field (ϳ2 fs). In the summation of Eq. ͑4.3͒, the following 512 k points were included: 
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͑4.5͒
Also, the ␦ function was approximated by a Gaussian,
with ␦ϭ0.3 eV.
The panels of Figs. 8 and 9 show the imaginary part of the dielectric function for 0.5 eVрបр6.0 eV and for six different intensities, ranging from A 0 ϭ1.00 to A 0 ϭ2.83 G cm. ͑The corresponding fluences range from 0.8 to 6.5 kJ/m 2 .) At low intensities there is no absorption for ប less than the band gap of 1.5 eV ͓i.e., Im () is zero in this range͔ and the structural features in Im () persist at all time. At high intensities, one can observe metallic behavior ͑with subband-gap absorption͒ and the structural features are washed out. These conclusions are consistent with the measurements. [16] [17] [18] [19] [20] Once again, the threshold in the simulations is at about A 0 ϭ2.00 G cm, corresponding to excitation of about 10% of the valence electrons.
V. CONCLUSION
We have performed simulations of the electronic and structural response of GaAs to ultraintense and ultrashort pulses. The fluence was taken to range from zero up to 6.5 kJ/m 2 , with a FWHM pulse duration of 70 fs and ប ϭ1.95 eV. We employed a method for treating nonadiabatic processes: tight-binding electron-ion dynamics. 31 An arbitrarily strong radiation field is included in the electronic Hamiltonian through a time-dependent Peierls substitution. The time-dependent Schrödinger equation is solved with an algorithm which preserves orthonormality, and the atomic motion is obtained from a generalized Ehrenfest theorem.
These simulations provide a detailed microscopic understanding of the behavior of electron and ions. As can be seen in Fig. 5 , the density of excited electrons increases with the intensity ͑or fluence͒ of the pulse; for A 0 ϭ2.0 G cm, about 10% of the valence electrons are excited into the conduction bands. Figure 2 shows that this represents the approximate threshold for atoms to perform large excursions from their initial positions, corresponding to permanent structural change. A threshold at about 10% excitation is also consistent with the excited-state molecular-dynamics simulation of Fig. 1 . The fact that there is a structural transformation is confirmed by calculation of the pair correlation fuction, as in Fig. 7 .
Accompanying the structural transformation at higher intensities, there is a collapse of the band-gap, which can be clearly seen in Fig. 4 at the single k point ( (2/a) . A better measure of the onset of metallic behavior is provided by the dielectric function (). As can be seen in Fig. 9 , Im () becomes nonzero within the band gap ͑i.e., for បϽ1.5 eV) when A 0 exceeds the threshold value of 2.0 G cm. The simulations presented here are fully consistent with the experiments, [16] [17] [18] [19] [20] and they provide a detailed microscopic picture for the coupled response of electrons and ions when a fast intense laser pulse is applied to a semiconductor.
